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ABSTRACT
Recent Very Long Baseline Interferometry observations of the relativistic jet in the
M87 radio galaxy at 43 GHz show gradual relativistic acceleration of the plasma and
suggest a linear dependence of Lorentz factor on jet radius at scales up to 8 marc-
sec (0.65 pc) from the core (2.5 marcsec in projection). General analysis of integrals
of motion being unaltered along the jet and reflecting fundamental conservation laws
shows that the above dependence implies a polytropic equation of state with index 4/3.
The inferred value of the polytropic index appears independent of the exact nature of
forces sustaining the transverse balance of the jet and indicates exact conservation of
the longitudinal electric current and hence the existence of a stable internal electro-
magnetic structure at the scales under consideration. At this index the flow is hot and
corresponds to relativistic thermodynamic motion of particles. Considerable weaken-
ing of the acceleration efficiency after 8 marcsec with the jet form being unchanged
can be related to the plasma cooling, when the polytropic index becomes 5/3. Such a
sharp change in the index without intermediate delay at 1.44 during cooling favours
the existence of an electron-positron plasma and requires at least partial participation
of the Blandford-Znajek mechanism in the launching of the M87 jet.
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1 INTRODUCTION
Today, the nearby giant elliptical galaxy M87 attracts sig-
nificant attention as a host for a supermassive black hole
with the first shadow imaged (EHT Collaboration 2019).
The main reasons of the success are the use of mm wave-
lengths, for which source-intrinsic absorption effects reduce
and the medium becomes transparent (Hada et al. 2011);
global Very Long Baseline Interferometry (VLBI) with the
Event Horizon Telescope at such wavelengths, which al-
lowed one to reach an ultrahigh angular resolution of ∼
20− 25 µarcsec; and a high ratio of black-hole mass to dis-
tance to us, so that it is possible to resolve distances in the
order of several Schwarzschild radii.
Meanwhile, M87 also hosts the prominent relativistic
jet known already more than 100 yr (Curtis 1918). The jet
reveals itself in multifarious emission throughout the spec-
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trum from radio to TeV, but radio is of special significance
because the VLBI radio imaging for the mentioned reasons
is one of the most important techniques giving us an op-
portunity to study fine structure of the jet, its relativistic
kinematics, and long-term dynamics (Kovalev et al. 2007;
Asada et al. 2014; Hada et al. 2017; Walker et al. 2018).
The form of the jet in M87, the so-called collimation
profile giving the dependence of jet radius r on distance z
from the base, is well described by a power law
r ∝ zα, (1)
where the index α lies in the range 0.5 − 0.6
(Asada & Nakamura 2012; Hada et al. 2013; Kim et al.
2016; Mertens et al. 2016) and corresponds to a gradual
decrease, on average, in the local opening angle, which
constitutes the effect of collimation and takes place at
subpc to hundred-pc scales. The parabolic form remains
up to deprojected angular distances z ∼ 103 marcsec from
the base (1 marcsec ≈ 0.08 pc), when the collimation
stops and a transition to a conical shape r ∝ z occurs
c© 2019 The Authors
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(Asada & Nakamura 2012). Note that gradual power-law ex-
pansion occurs on average, as a sequence of subsequent ex-
pansions and contractions is possible. According to recent
observations by Walker et al. (2018), the M87 jet demon-
strates three consecutive expansion/recollimation cycles up
to zobs ∼ 7.4 marcsec.
The relativistic acceleration profile for the M87 jet,
which gives the dependence of Lorentz factor of the plasma
on distance from the base, is measured by Mertens et al.
(2016) and given by a power law
γ ∝ r ∝ z0.58, z < 8 marcsec. (2)
This dependence changes as deprojected distance exceeds
z ∼ 8 marcsec from the base, which corresponds to projected
distance zobs ∼ 2.5 marcsec, and shows that the efficiency
of acceleration significantly drops,
γ ∝ z0.16, z > 8 marcsec. (3)
Interestingly, the change in the z dependence of Lorentz fac-
tor is not accompanied by any change in the jet form.
In this Letter, I will demonstrate that knowledge of the
collimation and acceleration profiles for the M87 jet allows
us to conclude about jet thermodynamics. Under general
conservation laws and infinite conductivity, I will show that
a polytropic equation of state for a plasma at subpc scales is
relativistic and is characterized by index 4/3. Surprisingly,
this conclusion appears insensitive to specific assumptions
about the nature of forces balancing the jet. The change
of the acceleration profile at z ∼ 8 marcsec can be caused
by the plasma cooling, and the character of the change can
reflect the work of the Blandford-Znajek jet-launching mech-
anism.
2 INTEGRALS OF MOTION
A jet represents a flow of relativistic plasma generally gov-
erned by the Maxwell equations describing evolution of elec-
tromagnetic fields and its connection with charges and cur-
rents, by general conservation laws involving both the mat-
ter and the fields, and by some additional constraints such
as high conductivity and equation of state. Consideration of
the behaviour of a stationary axisymmetric ideal relativistic
plasma flow simplifies greatly because we have then a jet
divided by a continuum of fixed embedded magnetic tubes
along which conservation of several physical quantities called
integrals of motion takes place.
The simplest integral is the magnetic flux in the tube,
and the value of the flux enumerates different tubes. The
condition of infinite conductivity, or the freezing-in condition
(c = 1 throughout the Letter)
E = −v ×B, (4)
where E and B are the electric and magnetic fields and v is
the plasma velocity at a given point, with taking account of
the above flux integral, transforms into conservation of the
so-called Ferraro isorotation frequency
ΩF =
vφ − vpBφ/Bp
r
, (5)
where vφ, vp and Bφ, Bp are the toroidal and poloidal com-
ponents of velocity and magnetic field, respectively.
The other integrals result from fundamental conserva-
tion laws combined with magnetic flux conservation. Specif-
ically, matter conservation
∂γρ
∂t
+ div γρv = 0, (6)
where γ = (1 − v2)−1/2 is the Lorentz factor and ρ is the
mass density in the comoving frame, implies conservation of
η =
γρvp
Bp
(7)
along the magnetic tube; energy conservation
∂
∂t
(
γ2ρh−p+
E2 +B2
8pi
)
+div
(
γ2ρhv+
E×B
4pi
)
= 0, (8)
where
h = 1 + ε+
p
ρ
(9)
is the specific relativistic enthalpy, ε is the specific internal
energy, and p is the pressure, requires conservation of
E = γhη −
ΩFI
2pi
, (10)
with I being the electric current in the magnetic tube flowing
through a given cross-section; while momentum conservation
∂
∂t
(
γ2ρhv +
E×B
4pi
)
+ div
[(
p+
E2 +B2
8pi
)
I+ γ2ρhvv −
EE +BB
4pi
]
= 0,
(11)
where aa = ||aiaj || is the dyad, I = ||δij || is the unit tensor,
and divT = ∇·T = ||∂Tji/∂xj || is the divergence of a tensor
T = ||Tij ||, necessitates conservation of
L = γhηrvφ −
I
2pi
, (12)
where r is the radius of the tube at a given level over the
base of the jet.
The system is complemented by an equation of state
p = p(ρ, ε). When the case of a polytrope with index Γ is
considered, which corresponds to
p = (Γ− 1)ρε, (13)
we have the last thermodynamic integral related to entropy,
S =
p
ρΓ
, (14)
which reflects entropy conservation
∂γρS
∂t
+ div γρSv = 0. (15)
In this case the enthalpy (9) becomes
h = 1 +
Γ
Γ− 1
SρΓ−1. (16)
3 PRESSURE AND POLYTROPIC INDEX
3.1 Force balance
To find the polytropic index Γ in the equation of state, we
should realize what determines the value of pressure p. The
MNRAS 489, L7–L11 (2019)
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radial equilibrium of the jet can be described either by a so-
called Grad-Shafranov equation (Chiueh et al. 1991; Fendt
1997; Beskin & Nokhrina 2009) or by directly using the mo-
mentum conservation law (11), which in cylindrical coordi-
nates has the form (Sob’yanin 2017)
(
p+
B2z +B
2
φ − E
2
r
8pi
)
′
+
B2φ −E
2
r
4pir
− γ2ρh
v2φ
r
= 0, (17)
where prime denotes the r derivative. From this equation
three limiting equilibrium regimes are naturally singled out
that correspond to different relations of the thermodynamic
pressure with other physical quantities.
3.2 Longitudinal magnetic pressure
The first case corresponds to the thermodynamic pressure
balanced mainly by the pressure of the longitudinal magnetic
field,
p ∼
B2z
8pi
. (18)
Magnetic flux conservation Φ ∼ Bzpir
2 = const requires
Bz ∝ r
−2 (19)
and then gives the dependence of pressure on jet radius at
a given level over the base,
p ∝ r−4. (20)
Conservation of the integral η (7) in the case of relativis-
tic longitudinal motion, when vp ≈ 1, gives the dependence
of density on Lorentz factor and radius,
ρ ∝ γ−1r−2. (21)
If we take for the Lorentz factor a general power-law depen-
dence on jet radius with an index β,
γ ∝ rβ , (22)
we arrive at
ρ ∝ r−2−β . (23)
Entropy conservation (14) with Eqs. (20) and (23) then
requires a constant r−4+(2+β)Γ, so the polytropic index for
the case of a dominating longitudinal magnetic pressure is
ΓLM =
4
2 + β
. (24)
Since from Eq. (2) the observational index
βobs = 1, z < 8 marcsec, (25)
we get
ΓLM =
4
3
. (26)
3.3 Transverse electromagnetic pressure
Now let us consider the case when the thermodynamic pres-
sure is balanced mainly by the forces resulting from the effect
of azimuthal magnetic field and radial electric field,
p ∼
B2φ − E
2
r
8pi
. (27)
It is worth noting that the combination B2φ −E
2
r enters the
momentum conservation law (17) as a unified parameter and
should not be divided. The first term accounts for the pres-
sure of toroidal magnetic field while the second (with minus
sign) for the tension of radial electric field lines, and the over-
all effect will loosely be called a ‘transverse electromagnetic
pressure.’
As follows from Eqs. (4) and (5), the radial electric field
is
Er = −ΩFrBz, (28)
therefore, since ΩF is an integral of motion,
Er ∝ r
−1. (29)
The toroidal magnetic field is in turn expressed via the
longitudinal electric current I ,
Bφ =
2I
r
. (30)
One might think that Bφ ∝ r
−1 and hence, together with
Eq. (29), p ∝ r−2. Importantly, this is not so. The current
I is generally not an exact integral of motion, and some
transverse current through the magnetic surface is poten-
tially possible. However, we will see below, Eq. (54), that in
our case I is strictly conserved. The answer to the question
why p ∝ r−2 does not hold is that the terms B2φ and E
2
r
almost compensate each other and the contribution to the
pressure is a term of smaller order of magnitude.
Specifically, ideal conductivity (4) implies
Er = vzBφ − vφBz. (31)
Theoretical estimations show that Bφ ≫ Bz and vφ ≪ 1
(Sob’yanin 2017), so the last term in Eq. (31) may be ne-
glected,
Er ≈ vzBφ. (32)
Since vz ≈ 1, Er ≈ Bφ and the two first-order terms in the
pressure are cancelled. We then obtain from Eqs. (27) and
(32)
p ∼
E2r
8piγ2
. (33)
The dependence of pressure on jet radius becomes
p ∝ r−2−2β . (34)
Now we get from Eqs. (14), (23), and (34) the necessity
of a constant r−2(1+β)+(2+β)Γ, and the polytropic index for
the case of a dominating transverse electromagnetic pressure
is hence
ΓTEM = 2
1 + β
2 + β
. (35)
Though the functional form of the dependence of Γ on β
differs from the previous form (24), for the observational
index (25) we have again
ΓTEM =
4
3
. (36)
3.4 Centrifugal pressure
The last case corresponds to the pressure balanced mainly
by the centrifugal pressure,
p ∼ γ2ρhv2φ. (37)
MNRAS 489, L7–L11 (2019)
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Here it is convenient to separately consider two subcases,
the case of a cold flow, when h ≈ 1, and the case of a hot
flow, when h≫ 1. Before so doing, let us notice conservation
of the quantity
l = γh(1− ΩFrvφ), (38)
which follows from a combination of the integrals (7), (10),
and (12).
3.4.1 Cold flow
In the first case we have
p ∼ γ2ρv2φ. (39)
Taking into account non-relativistic motion at the jet base,
we have the equality
1 ≈ γ(1− ΩFrvφ), (40)
which was utilized earlier to estimate the Ferraro isorotation
frequency for the M87 jet (Mertens et al. 2016). For large
Lorentz factors it transforms to
ΩFrvφ ∼ 1, (41)
so that
vφ ∝ r
−1. (42)
Combining Eqs. (22), (23), (39), and (42), we conclude
p ∝ rβ−4. (43)
Remembering entropy conservation (14), we need a con-
stant rβ−4+(2+β)Γ, which implies the polytropic index
ΓCC =
4− β
2 + β
, (44)
for the observed β being
ΓCC = 1. (45)
We see an impossible value of the index ΓCC < 4/3, which
means that the case of a cold flow with centrifugal pressure
is not realized for the M87 jet at the distances considered.
3.4.2 Hot flow
In the second case we may write from Eq. (16)
h ∝ ρΓ−1. (46)
Since ρh ∝ ρΓ, entropy conservation requires, see Eq. (37),
γvφ = const. (47)
Let us immediately adopt the observed value β = 1; Eq. (47)
becomes
rvφ = const. (48)
Then we conclude from Eq. (38) that γh is an exact integral
of motion,
γh = const, (49)
which implies
p ∝ ρh ∝
ρ
γ
. (50)
The dependence of pressure on jet radius coincides for-
mally with that for the case of a dominating transverse elec-
tromagnetic pressure,
p ∝ r−2−2β ∝ r−4, (51)
so we again have the polytropic index
ΓCH =
4
3
. (52)
Note for completeness that one may use the formula
analogous to Eq. (35) for β 6= 1,
ΓCH = 2
1 + β
2 + β
, (53)
but one should then verify that the equality (49) holds
at least approximately. This will be the case when e.g.
ΩFrvφ ≪ 1 (see Eq. (38)) or when I ≈ const or I = 0
(see Eq. (10)).
4 CONCLUSION AND DISCUSSION
We have obtained the same polytropic index Γ = 4/3 irre-
spective of assumptions about the exact character of forces
making the main contribution to balancing the thermody-
namic pressure and thus providing the transverse jet equilib-
rium; at this index, a linear combination of forces of different
nature, say, with comparable contributions to the net equi-
librium is also possible. This means that the jet is hot at
subparsec scales, so that we have not only relativistic bulk
motion but also relativistic internal thermodynamic motion
of particles constituting a plasma.
Importantly, the observed β = 1 and the obtained Γ =
4/3 indicate that the longitudinal current, though in general
not obliged to conserve along the magnetic tube, appears as
an exact integral of motion at the scales under consideration,
I = const. (54)
Since ρ ∝ r−2−β = r−3, we have for a hot flow h ∝ ρΓ−1 =
ρ1/3 ∝ r−1; therefore, by Eq. (2) the equality (49) holds,
whatever the nature of the force balance in the jet. Energy
conservation (10) then leads us to the above conclusion. This
is direct evidence of a stable longitudinal current structure
in the jet.
It is interesting to consider what happens at 8 marc-
sec. Mertens et al. (2016), taking into account the results
of Lyubarsky (2009), discuss that the jet may there enter
a non-equilibrium regime or rather exhibit an early sat-
uration of Poynting-flux conversion. Meanwhile, an alter-
native explanation may be a change of the jet thermody-
namics. The relativistic gas is not characterized by a sin-
gle polytropic index, and the general expression for its en-
thalpy is h = K3(1/Θ)/K2(1/Θ), where Kν(z) is the Mac-
donald function of order ν and Θ = p/ρ is the tempera-
ture (Synge 1957). Useful simpler analytic approximations
of the exact expression are presented in Mathews (1971),
Meliani et al. (2004), Chattopadhyay & Ryu (2009). In the
two opposite limiting cases it corresponds to a polytrope
with index Γ = 4/3 when Θ ≫ 1 and with index Γ = 5/3
when Θ≪ 1. From Eqs. (2) and (3) we have
βobs ≈
0.16
0.58
≈ 0.28, z > 8 marcsec, (55)
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which allows us to formally estimate the polytropic index,
respectively, for the case of a dominating longitudinal mag-
netic, transverse electromagnetic, and centrifugal pressure:
ΓLM ≈ 1.76, ΓTEM = ΓCH ≈ 1.12, ΓCC ≈ 1.64. (56)
Since ΓTEM = ΓCH < 4/3, a hot flow with a dominating
transverse electromagnetic or centrifugal pressure is not re-
alized over 8 marcsec. The two other indices correspond to
a cold flow: ΓLM is close to but yet slightly larger than the
maximum possible 5/3, while, surprisingly, ΓCC almost coin-
cides with 5/3 ≈ 1.67. Therefore, a transition from γ ∝ z0.58
to γ ∝ z0.16 at z ∼ 8 marcsec may be explained by the
plasma cooling and transition from a hot flow with p ∝ ρ4/3
to a cold flow with p ∝ ρ5/3. Over 8 marcsec we likely have
a cold flow whose pressure is determined mainly by centrifu-
gal forces, possibly with some contribution from the pressure
of longitudinal magnetic field, while transverse electromag-
netic fields give forces that almost compensate each other
and result in a modest net effect.
Determination of Γ from the jet acceleration and colli-
mation profiles has power in revealing plasma composition,
which is important for conclusions about exact mechanisms
of jet launching. The transition directly from 4/3 to 5/3
as cooling occurs may be a sign of a pure electron-positron
plasma component: electrons and positrons have the same
mass and behave as the mentioned single-component perfect
Synge gas. In the case of an electron-proton plasma, how-
ever, the transition from 4/3 to 5/3 should occur through
an intermediate value of Γ ≈ 1.44 taking place in a transi-
tional temperature region and playing the role of an extra
step at which polytropic index stays as dimensionless in-
verse temperature runs through the range ∼ 10 − 100 (see
Fig. 1 in Falle & Komissarov (1996) and Figs. 1 and 2 in
Choi & Wiita (2010)).
If we have a probable dominance of centrifugal forces
not only above but also in the transitional region z ∼ 8 marc-
sec, we would observe in some range of distances about
8 marcsec an acceleration profile of γ ∝ r0.46 ∝ z0.27, see
Eq. (44), if we had a delay on Γ ≈ 1.44 during an electron-
proton plasma cooling (we have taken into account that the
collimation profile does not change at these distances). The
observations by Mertens et al. (2016) do not show such an
acceleration profile, so the existence of an electron-positron
plasma component in the jet should be assumed. This is
an evidence of the Blandford-Znajek jet-launching mecha-
nism producing electron-positron pairs near the central en-
gine (Blandford & Znajek 1977).
Note that this conclusion does not mean that the en-
tire jet is powered solely by the Blandford-Znajek mecha-
nism, because there is evidence that the outer jet is likely
produced via the Blandford-Payne mechanism. The radius
of the jet base is ∼ 10rg (Mertens et al. 2016), which im-
plies that the outer jet is launched from the accretion disc
(Blandford & Payne 1982). Another evidence is the resolved
triple-ridge structure of the jet (Asada et al. 2016; Hada
2017), which can mean that the M87 jet is in fact jet in
jet (Sob’yanin 2017), and different launching mechanisms
for the inner and outer jets are not forbidden. Extra ev-
idence for the Blandford-Payne mechanism goes from the
observed quasi-periodic side-shift of the jet (Walker et al.
2018), which can be interpreted as jet precession resulting
from Lense-Thirring precession of a tilted accretion disc, to
which the jet is perpendicular (Sob’yanin 2018).
Most recent numerical simulations of tearing of a highly
inclined accretion disc around a rotating black hole show
that central parts of the disc undergo the Bardeen-Peterson
effect and align with the black hole spin, and the radius of
alignment is < 5 − 10rg (Liska et al. 2019). The jet base
radius then cannot be less than the alignment radius be-
cause otherwise precession would not be observed. This is
consistent with the mentioned base radius estimate and pos-
sibility of the jet precession, favouring the Blandford-Payne
launching mechanism for the outer jet. The inner jet, even
if launched from the black hole, will align with the outer jet
and be engaged in the joint precession because the trans-
verse electromagnetic forces induce alignment as the inner
jet is displaced from the axis of the outer jet (Sob’yanin
2017). This is consistent with the strict current conservation
obtained above: the inner and outer jets, though bearing op-
posite charges and oppositely directed electric currents, do
not touch each other and do not become short-circuited dur-
ing precession.
None the less, the possibility of solely black-hole launch-
ing the entire jet is also discussed (Nakamura et al. 2018;
Ogihara et al. 2019), and a direct observational sign of the
electron-proton plasma composition would be helpful in ulti-
mately distinguishing between the mixed Blandford-Znajek–
Blandford-Payne and the pure Blandford-Znajek cases. The
mentioned dependence γ ∝ r0.46 near 8 marcsec (2.5 marc-
sec in projection) could be such a sign, and it is promising
to observationally study the acceleration profile separately
for the most outer areas of the jet at subpc scales with high
longitudinal resolution.
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